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Abstract
The immune system provides our defense against pathogens and aberrant cells, including tumorigenic and infected cells. Motility
is one of the fundamental characteristics that enable immune cells to find invading pathogens, control tissue damage, and
eliminate primary developing tumors, even in the absence of external treatments. These processes are termed “immune surveil-
lance.”Migration disorders of immune cells are related to autoimmune diseases, chronic inflammation, and tumor evasion. It is
therefore essential to characterize immune cell motility in different physiologically and pathologically relevant scenarios to
understand the regulatory mechanisms of functionality of immune responses. This review is focused on immune cell migration,
to define the underlying mechanisms and the corresponding investigative approaches. We highlight the challenges that immune
cells encounter in vivo, and the microfabrication methods to mimic particular aspects of their microenvironment. We discuss the
advantages and disadvantages of the proposed tools, and provide information on how to access them. Furthermore, we summa-
rize the directional cues that regulate individual immune cell migration, and discuss the behavior of immune cells in a complex
environment composed of multiple directional cues.
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Migration of immune cells is central
for immune surveillance
From the early stages in the development of the immune sys-
tem, precursors of immune cells migrate from bone marrow to
the thymus and to secondary lymphoid organs to continue
their differentiation, or to specific tissues to become resident
sentinel cells (Germain et al. 2012). When an infectious agent
enters the body, two lines of defense can be activated: innate
immunity and adaptive immunity. Innate immunity is a rapid
immune response that is initiated within minutes after intru-
sion of a pathogen, without any specific pre-activation.
Adaptive immunity, on the other hand, is antigen-dependent
and generates immunological memory (Marshall et al. 2018).
In general, immune surveillance is dependent on the constant
traffic of immune cells, in terms of their migration through the
blood and lymphatic systems. From there, they can be recruit-
ed to sites of tissue damage or infection, and fine-tune their
effector properties in specific secondary lymphoid organs
(Fig. 1a).
Innate immune cells arrive first at inflammation sites, and
while killing pathogens to resolve any infection, they release
cytokines (including chemokines) that recruit other innate and
adaptive immune cells. Some specialized innate immune cells,
such as dendritic cells (DCs), collect the antigens at inflam-
mation sites and then migrate back to the secondary lymphoid
organs to trigger activation of adaptive immune cells (de
Winde et al. 2020). Neutrophils activate a rapid migratory
response, which means that they are among the first innate
immune cells to arrive at a site of inflammation when a path-
ogen enters the body. Neutrophils can also then re-enter the
vasculature, in a process termed “reverse transendothelial mi-
gration” (de Oliveira et al. 2016).
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Natural killer (NK) cells are essential players for the elim-
ination of pathogen-infected or tumorigenic cells in an
antigen-independent manner. Although the recirculation
and movement of NK cells among human organs are not
yet fully understood (Di Vito et al. 2019), it is well accepted
that NK cells not only populate the peripheral blood, but also
reside in almost every tissue and organ. This suggests that
these NK cells can either migrate and reside in tissues, or
they can constantly recirculate through the organs (Di Vito
et al. 2019).
Dendritic cells are professional antigen-presenting cells
that link the innate and adaptive immune systems. DCs mi-
grate through different tissues and across many barriers; they
leave the bone marrow and travel through the blood to seed all
organs and tissues (de Winde et al. 2020). When a pathogen
enters, the tissue-resident immature DCs at the site of inflam-
mation collect and process the antigenic material. Similarly,
DCs can detect tumor antigens and take them to the secondary
lymph nodes to activate the adaptive immune responses
against cancers (Nourshargh and Alon 2014). As a result of
their stimulation, DCs further differentiate to a mature pheno-
type with up-regulated chemokine receptors. These mature
DCs leave the inflammatory site and return to the draining
lymph nodes to activate T cells and B cells (de Winde et al.
2020).
Together with B cells, T lymphocytes represent the adap-
tive immune system (Garcia 2019). The life cycle of T cells
starts in the bone marrow, continues in the thymus, and then
throughout the body, until they encounter their specific target
cells (Krummel et al. 2016). This encounter can occur in
lymph nodes, where T cells are activated by the professional
antigen-presenting cells. Before activation, naïve T cells show
random migration and speed fluctuations, as they alternate
between periods of fast and slow movements (Krummel
et al. 2016). This mode of migration allows individual T cells
to examine a large area of a lymph node (Moreau and Bousso
2014). Suboptimal stimulation is considered to be the physi-
ological trigger for T cells to change the direction of their
migration more frequently and hence to keep searching.
When T cells encounter matching antigen-presenting cells,
they halt and establish an immunological synapse with the
target cells (Moreau and Bousso 2014; Moreau et al. 2015).
Upon activation, T cells change their migration program and
start to move from the lymph nodes to the corresponding
“battle field” in the peripheral tissues (Lämmermann and
Germain 2014). To carry out their killing functions, cytotoxic
T lymphocytes (mainly as activated T cells) use cytotoxic
granules or the Fas/FasL pathways to destroy infected cells
or tumor cells (Barry and Bleackley 2002). Promotion of mi-
gration of these cytotoxic T lymphocytes results in their
higher killing efficiency (Schoppmeyer et al. 2017).
Immune cell migration modes
The different geometries that immune cells encounter in vivo,
together with their intrinsic properties, determine their migra-
tion modes. In general, cell migration can be classified into
two modes: mesenchymal and amoeboid migration (Liu et al.
2015; Moreau et al. 2018). Mesenchymal migration is charac-
terized by strong adhesion sites, proteolytic degradation of the
extracellular matrix (ECM), elongated cell shape with long
membrane protrusions, and slow cell movement. This type
of movement mostly describes the behavior of epithelial-
derived and cancer cells, rather than immune cells. For amoe-
boid migration, although this classification is still under con-
stant review and varies across studies, several common as-
pects are widely accepted: low cell adhesion, independence
from proteolytic degradation of the ECM, and rounded cell
morphology with a highly contractile rear part, known as the
uropod (Renkawitz et al. 2009). In vivo, immune cells mostly
use the amoeboid mode of motility. The migration speed of
immune cells is not constant, but varies between fast (~20μm/
min) and slow (<1 μm/min) migration phases (Chabaud et al.
2015). Such a migration pattern has been described in theo-
retical studies of intermittent search behavior, and it thus helps
immune cells to optimize their broad space exploration and
direct their migration to inflammatory sites (Bénichou et al.
2006; Bénichou et al. 2011; Petrie et al. 2009). Interestingly,
the different cell types are not absolutely committed to either
mesenchymal or amoeboid migration, as they can transition
between these states. The mechanism behind this transition
appears to be dependent on the activation status of the cells,
their physiological context, their interactions with the ECM,
and their adaptation to the cellular environment (Huse 2017;
Liu et al. 2015). A generic model to explain migration transi-
tions indicates the relevance of these two parameters: the in-
trinsic properties of the cells, and the environmental charac-
teristics (Liu et al. 2015).
Fig. 1 Immune cell migration in vivo and the diverse scenarios
encountered. a) Overview of immune cell migration in vivo. From
blood vessels, immune cells transmigrate into and then patrol peripheral
tissues/organs to clear invaders and/or collect antigens. Then, immune
cells enter lymph vessels and migrate toward the lymph nodes.
Peripheral dendritic cells (DCs) are responsible to collect antigens from
aberrant (infected or malignant) cells in peripheral tissues (skin is shown
here). Upon recognition of an invader or aberrant cells, an immediate
immune response is initiated locally. Then, professional antigen-
presenting cells (APCs) go to the lymph nodes, where the adaptive im-
mune cells (B and T cells) are activated. Activation is then followed by
proliferation. Effector cells enter the blood circulation and transmigrate
into the respective inflammation sites. b) Schematic of 1D, 2D and 3D
scenarios encountered by immune cells during migration. T cells are
drawn here in the illustration as an example of immune cells. 1D is found
in blood/lymph capillaries and in the cavities/channels in ECM. The
blood vessel walls, which immune cells are rolling on, correspond to a
2D scenario. In general, while patrolling the tissues, immune cells face a
3D environment with ECM as a main component
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Regulation of immune cell migration
Cell migration can be broken down into various steps, which
include polarization, protrusion in the direction of motion,
adhesion, translocation of the cell body, and retraction of the
uropod (Mayor and Etienne-Manneville 2016). The propor-
tion and relevance of each step depends on the migration
mode, the experimental conditions, and the cell type. More
specifically, polarization as the first step refers to the forma-
tion of a stable front and rear for migrating cells. For immune
cells, the polarity might be an intrinsic property, like the abil-
ity of neutrophils to self-polarize (de Oliveira et al. 2016).
However, polarization can also be induced by stimuli, such
as chemotactic or mechanotactic signals, which will be elab-
orated upon further in the following sections. Protrusions de-
scribe membrane extensions in the direction of migration, and
two main protrusive structures have been described: filopodia
(long, unbranched, parallel actin bundles) and lamellipodia
(branched networks of thin, short actin filaments)
(Blanchoin et al. 2014). In ameboid migration, actomyosin-
based contractility creates pressure and the flow of the cyto-
plasm towards the uropod. This flow forms spherical mem-
brane expansions, often called “blebs” which facilitate the
forward movement (Huse 2017). To move, the forces need
to be transmitted from the cell membrane to the substratum.
In adhesion-dependent migration, such as mesenchymal mi-
gration, this process is predominantly mediated by adhesion
molecules (integrins) (Ridley et al. 2003). However, immune
cells can migrate independent of the integrins (Lämmermann
et al. 2008), and instead via unspecific friction forces with the
environment (Hawkins et al. 2009). Following the develop-
ment of protrusions, the cell body translocates, a process that
is coordinated by and dependent on myosin II, which together
with microtubules, controls the translocation of the nucleus.
Finally, for the retraction of the uropod, several mechanisms
converge (Capuana et al. 2020; Mayor and Etienne-
Manneville 2016); e.g., interplay between microtubule depo-
lymerization, and actomyosin-mediated retraction during DCs
migration (Kopf et al. 2020).
All of these migration steps are supported by the three
main components of the cytoskeleton: actin filaments, mi-
crotubules, and intermediate filaments. In immune cells,
the actin cytoskeleton provides protrusive and contractile
forces in cooperation with myosin IIA. The microtubule
network not only provides tracks for organelles and ves-
icles to be transported within the cell, but also contributes
to maintenance of nuclear morphology. Signaling path-
ways coordinate the dynamic interactions between the cy-
toskeletal elements (Devreotes and Horwitz 2015). These
elements include, for example, the Rho-family of
GTPases (involved in indirect regulation of actin dynam-
ics), actin regulators such as the formins (involved in po-
lymerization of actin), the Arp2/3 complex (involved in
nucleation and branching of actin), and members of the
WASP/WAVE family (Arp2/3 activators). As the cyto-
skeletal components can dynamically adapt to the envi-
ronment, this allows the cells to “squeeze through” small
spaces, where the size of the relatively stiff nucleus be-
comes a decisive limiting factor. Squeezing of the nucleus
might induce DNA damage (Denais et al. 2016;
Lammerding and Wolf 2016; Raab et al. 2016) if the
DNA repair mechanisms are insufficient or defective,
therefore limiting cell survival and triggering apoptosis
(Denais et al. 2016; Raab et al. 2016). Interestingly, im-
mune cells have multilobed nuclei, which effectively re-
duces the absolute size of the stiffest object that needs to
be squeezed through any constrictions. This property cer-
tainly reduces the risk of nuclear rupture and DNA dam-
age during this squeezing of the cell contents (Yamada
and Sixt 2019).
The intermediate filaments are responsible for the mainte-
nance of the overall cell shape, and also for the integrity of the
nucleus (Danielsson et al. 2018; Hohmann and Dehghani
2019; Huse 2017). The intermediate filament vimentin has a
fundamental role in maintenance of nuclear integrity during
cell migration (Patteson et al. 2019b), as well as in regulation
of cell speed and cell persistence (see Box 1 for definitions)
duringmigration (Patteson et al. 2019). Indeed, epithelial cells
treated to switch from keratin to vimentin expression undergo
a transition from slow mesenchymal migration to fast amoe-
boid migration (Lavenus et al. 2020), which supports of the
role of vimentin in amoeboid migration. Thus, while vimentin
is broadly described as a regulator of mesenchymal migration,
recent evidence supports its role equally in immune cell
migration.
Box 1 Parameters and properties of cell migration
Cell speed
The mean cell speed is defined as the total distance of the cell migration
divided by the total acquisition time. The instantaneous speed of
migrating cells is calculated for two successive images.
Cell persistence
Cell persistence defines the “straightness” of the cell movement, which
has different definitions depending on the device geometry used. In
one dimension, there is a unique direction, so the persistence length
corresponds to the mean length a cell travels before it stops or turns
back, which is usually normalized to the channel length. In two
dimensions and three dimensions, the cell persistence can be defined as
the diameter of the smallest disk containing the whole cell trajectory
divided by the total distance of the trajectory. Another common
definition is the angular persistence, which also considers the turning
angles all along the migration path. In all cases, the persistence scale
lies between 0 (non-persistent) and ⌈±1⌉ (highly persistent).
Mean first passage time
Themean first passage time is defined as the average time a searching cell
takes to find a target, such as another cell (e.g., for procreation, immune
synapse formation), a pathogen, or nutrients. This parameter depends
on the number and motility of searchers and targets.
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Challenges and scenarios immune cells encounter
in vivo
While migrating through the body, immune cells face var-
ious scenarios, which range from one-dimensional (1D) to
three-dimensional (3D) environments, and these cells of-
ten need to adapt and switch from one environment to
another (Fig. 1b). 3D conditions are their most common
environment in vivo, such as in peripheral tissues and
organs, including the lymph nodes. Migration through
3D environments requires the cells to squeeze through
complex extracellular structures with specific cellular ad-
aptation to the mechanical features of the ECM (Yamada
and Sixt 2019). Two-dimensional (2D) migration is the
best-studied and best-understood form of cell migration
in vitro (Ridley et al. 2003). In vivo, 2D immune cell
migration can be seen during extravasation when cells roll
on, attach to, and crawl along the walls of blood vessels,
before they penetrate into the tissue (Filippi 2016;
Nourshargh and Alon 2014). The first barrier immune
cells encounter is the vessel wall composed of cells (en-
dothelial and pericytes) and a basement membrane.
During inflammation, immune cells squeeze in between
endothelial cells or through them before transmigrating
through the basement membrane. The penetration of cells
into the tissues, called diapedesis, might be modified by a
reorganization of the basement membrane that can lead to
diseases (Friedl and Weigelin 2008; Korpos et al. 2013;
Leclech et al. 2020). 1D scenarios are less common phys-
iologically but still present in vivo. The capillaries of the
lymphatic or vascular systems have a mean diameter of ~
5 μm (Henderson et al. 2020). In those capillaries, wheth-
er leukocytes actively migrate and how is still not fully
understood. Nevertheless, evidence from in vitro
microchannel experiments shows that without external
sheer force, murine CD8+ T cells do crawl in the
microchannels with a width of 4 μm or 8 μm (Jacobelli
et al. 2010), suggesting that immune cells could migrate
actively in these capillaries in vivo. In addition, hydrody-
namic forces can further promote leukocyte movement in
blood capillaries (Kameritsch and Renkawitz 2020).
However, cells proceed along a line or a linear structure
that can be considered as 1D migration (Jackson 2019;
Nortley et al. 2019). Another example of 1D migration
in vivo is during cell movement along ECM fibers, which
depends on the local density and alignment of the colla-
gen around the tissue or tumor boundaries (Yamada and
Sixt 2019). A recent in vitro study shows that primary
human CD8+ T cells preferably migrate through the chan-
nels formed in collagen matrix (Sadjadi et al. 2020), sug-
gesting another possible 1D scenario for immune cell mi-
gration in vivo. Thus, 3D, 2D, and 1D environments are
all physiologically relevant conditions, whereby each
requires the use of a different migratory mechanism by
the immune cells.
The complexity of the environment shapes the
migration of immune cells
As indicated, the environments that immune cells encounter
in vivo are diverse, and can have different physical and chem-
ical properties, such as the composition of the ECM, the stiff-
ness and geometry of the tissue, and the presence of
chemokines. All of these features collectively define the be-
havior of immune cells during their migration.
The ECM is defined as all of the noncellular components of
tissues and organs. It consists mostly of proteoglycans and
fibrous proteins, such as collagen (Lämmermann and
Germain 2014). Those noncellular components can vary in
composition, and therefore expose the embedded cells to vary-
ing surrounding properties, which in turn influences cell mi-
gration (Lange and Fabry 2013). Along with stiffness, poros-
ity (the size of pores/channels in the ECM) and geometry are
also key physical features of the ECM, and these can also
influence immune cell migration. Spatially varying stiffness
can be established, e.g., by different concentrations of struc-
tural proteins like collagen, and this can result in cell migra-
tion up a stiffness gradient, which is referred to as durotaxis. In
a physiological context, stiffness gradients have been ob-
served in a number of diseases, such as with lung fibrosis,
breast cancer, and atherosclerosis (Hartman et al. 2017).
These stiffness gradients have been shown to be a conse-
quence of changes on ECM composition. Such increase in
tissue stiffness from the tumor core to the periphery in cancers
is believed to favor metastasis and tumor spreading (Hartman
et al. 2017).
Another relevant feature that influences cell migration is
the geometry of the ECM. The ECM often has a filamentous
structure with enough space between fibers for cells to pass
through, the size or width of which is largely dependent on
fiber density. However, as migrating cells move along, the
space occupied by the cells also moves, and the surrounding
tissue deforms. The structural properties of the ECM are
known to impact upon cell migration, such as, fiber density
and organization (i.e., ECM porosity), and ECM protein com-
position. The path of least resistance with appropriate sizes of
pores can thus provide a route for rapid cell passage during
in vivo migration. This is especially relevant for immune cell
migration, where there is no enzymatic modification of the
surrounding ECM (Yamada and Sixt 2019). In addition to
the ECM, cell networks can influence immune cell migration,
such as the fibroblastic reticular cell network, which can form
a structural backbone that actively guides T cell movements
inside the lymph nodes.
Chemoattraction describes directed migration patterns to-
wards higher concentrations of chemokines. Chemokines are
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small proteins that are released by immune, epithelial, and
endothelial cells in response to various stimuli, such as tissue
injury or infection. These chemokines attract immune cells
along the concentration gradient. Chemoattractant-driven mi-
gration is termed chemotaxis (or haptotaxis, if the gradient is
bound to a substrate), and this has a key role in the regulation
of immune cell behavior. For example, expression of the
CCR7 chemokine receptor is required for activated DCs to
migrate through the lymphatic system (Lämmermann and
Germain 2014). The CCL19 and CCL21 chemokines are both
ligands for CCR7, but CCL21 is considered to be the critical
chemokine for the migration of activated DCs (Worbs et al.
2017). T cell migration is also guided by chemoattractants,
such as CCL19, CCL21, and CXCL12, which are required
for optimal naïve T cell motility in vivo (Lämmermann and
Germain 2014). Chemokines in the lymph node increase basal
T cell motility, although they do not appear to contribute to the
search strategies undertaken by T cells at the initiation of a
response. Although CCR7 is required for T cells to maintain
their average speed, it does not control the other features of the
random walk, including the directionality (Cotta-de-Almeida
et al. 2017).
Fibroblasts are the major cellular component in the ECM,
and lymphocytes are in contact with fibroblasts most of the
timewhile theymove through the lymph nodes. Therefore, the
influence of fibroblasts on T cell migration is also of particular
interest for studies of immune cell migration. Nevertheless,
the signals that control those interactions remain poorly char-
acterized. One mechanism whereby fibroblasts can guide T
cell migration directly is through the creation of channels:
e.g., by producing collagen and modifying the ECM, or by
releasing cytokines and chemokines that guide T cell move-
ments directly (Bajénoff et al. 2008).
Migration of immune cells in diverse
microfabricated geometries
Understanding the relative roles of free migration versus me-
chanically or chemically guided cell movements is thus essen-
tial for the development of a better picture of how these events
are regulated in vivo (Castellino et al. 2006). We summarize
now the methods to investigate the effects of such environ-
mental cues on immune cell migration.
Visualization of immune cell migration in vivo is feasible
using, e.g., intravital microscopy; however, the interpretation
of the results obtained remains difficult. Comparing direct
in vivo observations with well-defined in vitro environments
(i.e., in terms of geometry, mechanics, chemical and physical
cues, see Fig. 2) is essential to go further in our understanding
of immune cell migration and immune responses. In this sec-
tion, we describe how immune cell migration is studied in
terms of in vivo to in vitro experiments. We illustrate how
and why microfabrication can mimic physiological environ-
ments, at least partially, with a focus on different techniques
and their implementation, as well as their applications. We
analyze the pros and cons of each of these systems, and de-
scribe the specific questions they address in terms of immune
cell migration (as summarized in Table 1). For general re-
views about cell migration, please refer to (Ghibaudo et al.
2011; Lautenschläger and Piel 2013).
Characterization of immune cell migration using
in vivo models to build in vitro systems
Intravital microscopy consists of imaging cells of a living
animal through a transparent tissue or a transparent window
placed in the body by surgery (Murooka and Mempel 2012).
This can allow direct observations of immune cell migration
in their physiological context, and in various tissues (Weigert
et al. 2010). Depending on the experiment and the invasive-
ness of the surgery, the animal is sacrificed at the end of the
experiment. This technique requires specific labeling of the
cells, which is usually performed using transgenic animals.
However, some parts of the body are not trivial to access
in vivo and require ex vivo experiments that externalize a
tissue or organ to study it. In vivo/ex vivo migration experi-
ments are often performed on mice (Abdul Hamid et al. 2020;
Raab et al. 2016) or zebrafish (Barros-Becker et al. 2017;
Cougoule et al. 2012; Rosowski 2020), because they are small
enough to be positioned under a microscope (e.g., confocal,
multiphoton). The observation of the native environment of
the cells has inspired the conception and design of in vitro
experiments that are closer to the true physiological condi-
tions, and where the effects of single mechanisms can be stud-
ied without the influence of other parameters. The advantages
of in vitro experiments are that they can be well controlled,
and limit the number of animals used for research.
Over the last two decades, the “microfabrication” tech-
nique has been used widely to provide reliable, versatile,
and reproducible systems with well-defined geometries
(Whitesides et al. 2001). To mimic the extracellular environ-
ment encountered during in vivo migration, a bottom-up ap-
proach has usually been used, where the levels of complexity
can be tuned. The simplicity of each device enables explora-
tion of the fundamental mechanisms related to single or col-
lective cell migration that would not have been understood in
the complexity of in vivo environments (Garcia-Arcos et al.
2019).
Microfabrication usually follows two steps. The first step
consists of producing the silicon wafer that is the mold for the
final device. The main techniques here are photolithography
and two-photon lithography. The second step consists of pro-
ducing the final device that is to be used directly for the ex-
periments. Soft lithography and hydrogel-based systems are
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Table 1 Characteristics, advantages, and drawbacks of various geometries used for in vitro studies
PDMS, polydimethylsiloxane; PLGA, poly(d,l-lactic-co-glycolic acid); PEG, polyethylene glycol; BSA, bovine serum albumin; ICAM, intercellular
adhesion molecule
Fig. 2 Migratory challenges and
guidance cues encountered by
immune cells during circulation.
The extracellular regulation of
cell migration includes:
chemokines and stiffness
gradients; the extracellular matrix
(ECM) mechanics (including
loose or highly cross-linked
zones) and its topolography
(pores, or obstacles); the molecu-
lar composition of the matrix sur-
rounding the cells (collagen, fi-
broblasts, chemokines) as well as
pressure gradients. Center:
Schematic representation of a po-
larized immune cell migrating
directionally in an amoeboid mi-
gration mode. Amoeboid migra-
tion is characterized by a round
cell morphology, low adhesive
contacts and cell body deforma-
tion driven by actin protrusions.
The microtubule organizing cen-
ter is generally located at the back
of the nucleus. The integrity of the
nucleus is protected by a nuclear
cage formed by intermediate fila-
ment proteins, such as vimentin
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usually used for this purpose. More recently, 3D printing has
allowed the direct fabrication of these devices with no need for
the wafer production. Here, we present an overview of the
most commonly applied techniques (Fig. 3) and their respec-
tive advantages and drawbacks (Table 2).
Photolithography
Photolithography emerged as a technique to respond to the
needs for accuracy in the electronics field. It was first de-
scribed for biological purposes at the beginning of the
twenty-first century, by the group of Whitesides (Whitesides
et al. 2001). The protocol has been described in detail before
(Heuzé et al. 2011; Qin et al. 2010). Briefly, photolithography
consists of spin coating a photoresist on the top of a silicon
wafer. This photoresist is a light-sensitive material that is used
to form a patterned coating on the silicon wafer. A commonly
used negative photoresist is the epoxy-based structure known
as SU8. The resist is soft baked and then exposed to UV light
through a mask (Fig. 3a). The mask can be plastic or
chromium-coated glass, which depends on the resolution re-
quired and the design features, and can be made using any of
the specific computer-aided design software, such as CleWin,
AutoCad, and LayoutEditor. Chromium-coated glass masks
have the highest resolution (down to ~1 μm), but they are
relatively costly. Plastic masks are much cheaper (around
€100 for A4 format), and have an XY resolution of about
5 μm. Photoresists are either positive resists, when the UV
light exposure makes the resist soluble in the developer, or
negative resists, when the UV light exposure initiates the resist
cross-linking to make it insoluble in the developer. Therefore,
the features of the mask need to be the inverse of the final
structure designed for a device when a negative photoresist is
used, such as with SU8 or ma-N. The reticulation of the resist
is then set by post baking. The last step consists of removing
the unreticulated resist using the developer.
Photolithography is the most commonly used technique for
microfabrication, and it was built on the expertise developed
for the microelectronics field. No specific or expensive equip-
ment is required for photolithography, which is based on only
a spin-coater, a UV-lamp, and two hot-plates. This equipment
is also not demanding of space. Although photolithography is
usually carried out in a clean room, it can be used under a
chemical hood in a dark room for structures >5 μm. Ready-
to-start sets are commercially available and relatively afford-
able (<€10,000). Moreover, the homogeneous height of the
samples is guaranteed due to the spin-coating step. However,
there are also several major limitations in this method. The
resolution on the X/Y axes is limited by diffraction, which
means that investigation of features below 1 μm is not feasi-
ble. Furthermore, the height of the final device is not accurate-
ly reproducible in the micrometer range, as it is very sensitive
to various external conditions, such as resist viscosity, spin-
ning speed, stability of backing temperature, room tempera-
ture (optimal, 20–22 °C), and humidity (usually ~45%). In
addition, photolithography is a long process that progresses
from the computer-aided design conception to the wafer pro-
duction over at least several days, and more often, several
weeks. For a multi-layer structure, a so-called mask aligner
is needed, along with as many masks as the number of layers
that are required. Other techniques overcome those limitations
by using direct printing, which does not require any mask,
saves time, and makes multi-layer fabrication easier.
Electron-beam lithography and two-photon lithography
Unlike an indirect method like photolithography, there are
numerous direct printing techniques that are available, such
Table 2 Main characteristics of lithography techniques
Characteristic Photolithography Electron lithography and two-
photons lithography
Three-dimensional bioprinting
Flatness Homogeneous height given by the spin-coating
speed
Structure can be tilted Lines can appear due to needle shape
Resolution in
xy
Down to 1μm Down to 100nm Size of nozzle (100 μm)or droplet (20 μm)
Resolution in
z
1–100 μm 100nm <10 μm
Printing Mask required Direct printing, mask-less Direct printing; mask-less
Equipment UV lamp (e.g.,UV Kub); spin coater, two hot plates Nanoscribe Bioprinter
Costs Low High Low
Comments Two masks needed for a two-layer devices Different height can be printed
at the same time
Used with different kinds of materials; better for




Selba, Rose photomask (for mask); Microfactory,
Si-Mat (for wafer); Blackhole (from
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as electron-beam lithography (Altissimo 2010) and two-
photon li thography (Farsari and Chichkov 2009)
(characteristics summarized in Table 2). These mask-free li-
thography techniques have the advantage that they can reach
spatial resolution of about 100 nm, and simple 3D structures
of different heights can be printed in one step. Both techniques
are adapted to 3D nanofabrication and are very versatile
(Niesler and Hermatschweiler 2015). For each scan in the Z
direction, the resist/wafer interface has to be precisely deter-
mined. To avoid floating structures, the first two to three
layers are contained in the wafer; however, this step can in-
duce tilt, in terms of the height (e.g., left side 1 μm higher than
right side). For thin structures, a tilt of 1 μm in height can be
unacceptable, which will depend on the application. As mask
fabrication is not needed, the overall process is considerably
shorter compared to photolithography. For example,
production of a system with micrometer resolution for an area
of several square centimeters normally only takes several
hours, except for some complex geometries and/or for very
high resolution. The time of printing depends on the balance
between the size and the precision for the three space dimen-
sions required.
Two-photon lithography has benefited from the develop-
ment of femtosecond lasers. In contrast to the standard UV-
initiated and mask-based photolithography method, the retic-
ulation for two-photon lithography is initiated locally by two-
photon absorption on the area of focus, which is reached with
an ultrafast laser (Fig. 3b). Then, as for standard photolithog-
raphy, the uncured resist (i.e., not exposed to the laser) is
removed with the developer.
Electron-beam lithography can achieve a resolution even
below 10 nm in all three dimensions (Fig. 3c). However, as the
Fig. 3 Techniques used to study in vitro cell migration. (a)
Photolithography: the photosensitive resist is exposed to UV light
through a mask where the features are designed. (b) Two-photon lithog-
raphy: mask-free technique where the features are directly printed in the
resist from the resist–wafer interface with a piezo motion in the three
space dimensions (X, Y, Z). The resist is up or down depending on the
wafer transparency (image inspired by (Bückmann et al. 2012)). (c)
Electron beam lithography: mask-free technique where the features are
directly printed by reticulation of the resist in contact with the electron
beam. (d) Electrospinning: mask free technique where a polymer solution
is extruded from a needle around which a high voltage electric field is
formed, and deposited on a surface that can be rotating. The 2D mem-
brane fabricated using this technique can then have random to aligned
nanofibrous structures depending on the needle translation. (e) Three-
dimensional bioprinting: mask-free technique where a bio-ink consisting
of cells and biopolymers is directly deposited on a surface by extrusion-,
inkjet- or laser-assisted-based printing. (f) Soft lithography: this step fol-
lows the production of the wafer with one of the techniques presented in
(a, b, and c); polydimethylsiloxane (PDMS) is peeled away from the
wafer, punched, cut, cleaned and bound to a glass surface. CAD,
computer-aided design
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electron beam goes through the material, high aspect ratios in
2D structures are not easy to obtain. Instead of using photo-
sensitive resists, electron-beam lithography uses resists that
are sensitive to electron beam radiation (Vieu et al. 2000).
The most commonly used electro-sensitive resists are made
from polymethyl-methacrylate, as this has the highest spatial
resolution (<10 μm) compared to other resists, such as EBR-9
(copolymer of trif luoroethyl-a-chloroacrylate and
tetrafluoropropyl-a-chloroacrylate; resolution, ~100 μm),
and its fabrication is easier than for polybutene-1-sulfone pos-
itive resists (Tseng et al. 2003). Electron-beam lithography is
highly reproducible for heights in the range of 10 nm and
features from 10 to 1 mm, which makes it useful for patterning
(Kolodziej and Maynard 2012). These techniques allow the
production of devices for confined migration or migration on
2D surfaces studies but do not allow transmigration studies.
For this purpose, other techniques permit in vitro membrane
production.
Electrospun membranes
Transmigration is a crucial challenge for immune cells as they
continuously cross the ECM barrier of the basement mem-
brane. In vivo studies revealed that neutrophils and macro-
phages migrate across the basement membrane but that neu-
trophils transmigration is more invasive (Voisin et al. 2009).
The basement membrane is a thin densely packed membrane
mainly composed of laminin and collagen type VI. It is locat-
ed around muscles, fat, and in between pericyte cells and
endothelial cells in blood vessels (Jayadev and Sherwood
2017). The complex structure of the basement membrane
makes it difficult to be studied in vivo, therefore in vitro
models have been developed (Sobreiro-Almeida et al. 2019).
In the early twenty-first century, polymer membranes or
Matrigel were used in Boyden chambers to study the invasion
ability of cells (Kleinman and Jacob 2001). Even though
Boyden chambers were a first step to investigate transmigra-
tion, their structure was far from the one of basement mem-
branes. Therefore, new methods emerged to mimic more
physiological structure of the basement membrane, such as
the electrospinning technique.
The electrospinning technique consists of producing fi-
brous scaffolds (Kumbar et al. 2008). Thin fibers (in the range
of some nanometer to some micrometer in diameter) are pro-
duced by applying a high-voltage electric field to a polymer
solution. The polymer fibers are extruded through a needle
with a diameter that depends on the tip size of the needle,
the polymer viscosity, the voltage applied, and the distance
between the surface and the needle. The fibers are deposited
on the charged rotating or flat surface in a random or parallel
organization (Fig. 3d). This technique has the advantages to
produce homogeneous fiber sizes. Polymers such as
polycaprolactone have been used in order to study immune
cells migration through a fibrous membrane of various density
(Jin et al. 2015). The 2D structures are then used as a scaffold,
and can be coated with collagen for more physiological prop-
erties of basement membrane. More recently, electrospinning
has been used to directly embed cells into the biopolymers
fibers (Hong et al. 2019) and provides promising applications
in the field of tissue engineering when coupled with hydrogels
solutions and 3D printing.
Hydrogel fabrication
To study the influence of the mechanical properties of a sub-
strate during cell migration, 2D and 3D structures have been
developed using hydrogels. Hydrogels consist of hydrophilic
polymer chains that are mixed in an aqueous phase. The for-
mulations range from synthetic (e.g., poly(d,l-lactic-co-
glycolic acid), polyethylene glycol, poly-methyl-methacry-
late) to natural (e.g., collagen, agarose, alginate, gelatin, chi-
tosan, fibrinogen, hyaluronic acid) origins. The gels are
crosslinked by UV light, temperature or chemicals.
Hydrogels have the advantage that they can be transparent
and biocompatible, like polydimethylsiloxane (PDMS), and
they have better free diffusion coefficient for small molecules.
Hydrogels can be sensitive to temperature or pH, and their
stiffness can be globally tuned, even though their local stiff-
nesses can vary (i.e., hydrogels can have heterogeneous stiff-
ness). Nevertheless, one major technical issue for hydrogel
fabrication is the swelling of the gel after the addition of the
medium or other aqueous solutions. For immune cell migra-
tion, the reproducibility of accurate shapes for confinement
(e.g., pore size) can be challenging.
Hydrogels have been combined with microfluidics for
more than 10 years now. To mimic the physiological ECM
in terms of stiffness, pore size, and elasticity, more optimiza-
tion is required for hydrogels (for more detail on hydrogels,
see reviews (Goy et al. 2019; Zhang et al. 2016)).
Nevertheless, the integration of gels into microdevices has
created new opportunities for research that would not have
been possible with microfluidics or hydrogels alone, such as
long-term chemotaxis using agarose or collagen channels
(Cheng et al. 2007; Shin et al. 2011), rapid bacteria responses
to antibiotics (Choi et al. 2014), and cancer cell migration
(Huang et al. 2018).
Three-dimensional printing
The previous methods here are mainly for 1D to 2D structure
fabrication. However, reconstruction of a 3D environment is
essential to provide a scenario that is close to physiological
conditions. Three-dimensional printing is a direct method
used to fabricate a desired 3D structure, which offers a reliable
approach for the reconstruction of complex 3D geometries
using a computer-aided design model, with high
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reproducibility. This process is termed 3D “bioprinting”when
the “ink” used is biocompatible. The initial aim of bioprinting
was to produce artificial tissues and organs in vitro (Murphy
and Atala 2014), or to regenerate organs in situ (Cui et al.
2017). Three-dimensional bioprinting has also been used for
microfluidic applications (Ho et al. 2015): either to build
microfluidic chips using bioprinting methods, or to combine
3D bioprinting and microfluidics for fabrication of
transplanted organs with better resolution and more complex
structures (Ma et al. 2018; Miri et al. 2018). Three-
dimensional bioprinting is based mainly on an extrusion pro-
cess of a bio-ink from a nozzle, which is generally composed
of biopolymer gels and cells. This can provide direct fast and
simple fabrication, even for complex microfluidic chips (e.g.,
containing multilayers, valves, mixers). However, it is not yet
compatible with devices in the micrometer range, because the
spatial resolution depends on the diameter of the printer nozzle
and/or the size of the droplets, in terms of using extrusion-
based lithography or inkjet lithography, respectively (see Fig.
3e). Currently, the spatial resolution attainable is about
100 μm for the nozzle and 20 μm for droplets (Bishop et al.
2017) (Table 2). Another challenge of bioprinting is that the
bio-ink needs to meet many requirements, such as printability
(He et al. 2016), optimal viscosity, and optimal gelling time
(Colosi et al. 2016), characteristics that vary among the dif-
ferent bio-inks.
In summary, bioprinting is a promising technique to im-
prove our knowledge in the fields of tissue engineering, drug
screening, and toxicology testing in organs on chips (Ng and
Yeong 2019). It opens new perspectives to investigate cell
migration in three dimensions in downscaled artificial organs,
or to create new devices of diverse stiffnesses; however, it
cannot yet replace standard soft lithography.
Replica molding for microfabrication
Replica molding is one of the soft lithography techniques, and
it is based on duplication of structures from a mold. It is a
versatile technique that follows the production of the wafer
(using one of the techniques presented above). In brief, it
consists of pouring the PDMS elastomer over the silicon wa-
fer, degassing this in a vacuum chamber, and curing it at 70 °C
for 2 h. Then, the PDMS is peeled away from the master, cut,
punched, and plasma bound to a glass surface (i.e., slide, dish)
(Fig. 3f).
Polydimethylsiloxane has many advantages for the study
of cell migration. First, it is biocompatible and nontoxic,
which allows experiments on living cells over several hours.
Secondly, it is porous, which allows gas exchange with the
outer atmosphere and the corresponding CO2 proportion nec-
essary to maintain pH 7.4. Furthermore, its transparency
makes it compatible with optical microscopy. PDMS is cheap,
easy to fabricate, and can be adapted to all geometries. The
one major limit of PDMS is that its stiffness is not easily
tunable.
Characterization of immune cell migration when
facing external cues
As described in the previous sections, migrating cells face
different types of environments in vivo, in their physiological
context. Immune cells migrate through confined 3D complex
ECMs of different stiffnesses and fibrillar densities, and they
can face densely packed environments, like in lymph nodes,
transmigrating through basement membrane, and within tis-
sues. During their movement around the body, cells can also
encounter 2D surfaces (e.g., blood vessel walls, lymphatic
vessel walls) and can need to migrate in one dimension (i.e.,
in capillaries, following a fiber, passing through pores and
channels in the ECM) (Fig. 1). As in vivo migration is the
result of the combination of the mechanical parameters (e.g.,
stiffness, porosity gradients), physical parameters (e.g., pres-
sure gradients), and chemical stimulation, it is challenging to
dissect out and understand fully the role of individual proper-
ties from this complexity, especially for mechanical and phys-
ical properties. To study particular aspects of 1D, 2D, and 3D
cell migration, many microfabricated structures have been
produced to address a number of scientific questions, such
as: (1) What is the effect of substrate stiffness on cell migra-
tion? (2) What is the minimal constriction (pore diameter) a
cell can pass through? (3) What influences cell sensitivity to
chemoattractants, pressure, and physical gradients? and (4)
What are the key factors that remodel the cell cytoskeleton
during migration? In this section, we summarize how external
stimulation has been studied in diverse geometries and dimen-
sions, and with the introduction of obstacles to cell searching
areas, as examples of more complex environments, where
different guidance cues can overlap.
Durotaxis
Durotaxis was defined for the first time in 2000 by the group
of Wang (Lo et al. 2000), as the mechanical guidance of cell
migration from a stiff to a soft substrate. They demonstrated
that fibroblasts are more elongated and have a greater spread-
ing area and stronger force generation on stiff compared to
soft surfaces. Since then, most studies on durotaxis have been
performed using mesenchymal cell migration (Plotnikov et al.
2012; Tse and Engler 2011; Vincent et al. 2013), cancer cell
migration (DuChez et al. 2019; Kirmse et al. 2011), and col-
lective cell migration (Spatarelu et al. 2019; Trepat and
Fredberg 2011). Many of these studies were performed in
two dimensions using different techniques, such as homoge-
neous stiffness gradients, as alternations of soft and stiff bands
(Kuboki et al. 2014) or patterns (Ladoux and Mège 2017).
Recently, 3D devices with mechanical gradients have been
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developed to study cell migration and differentiation, and tis-
sue engineering (Orsi et al. 2017). Several models have been
defined to predict cell migration, although these are better
suited to 2D migration via focal adhesions rather than to 3D
migration (Feng et al. 2019; Harland et al. 2011). Moreover,
although mesenchymal cell migration has been shown to fol-
low contact guidance and stiffness gradients, it is still unclear
how sensitive amoeboid cells are to durotaxis (Nuhn et al.
2018). As immune cells do not adhere, but instead migrate
via pushing forces and rapid deformation, the effects of
durotaxis on immune cells have not been as intensively
studied.
To confine cells in a controlled manner, PDMS spacers
produced using soft lithography are placed between the glass
bottom of a dish and its “roof” (Le Berre et al. 2014; Liu et al.
2015) (Table 1). The stiffness of PDMS is much higher than
the stiffness encountered by immune cells in their physiolog-
ical environments. Therefore, a soft confiner made using aga-
rose gel was proposed more recently (Prunet et al. 2020). This
has the advantage that it has a stiffness close to the physiolog-
ical context. Also, tuning the stiffness is a key parameter in the
investigation of 3D migration in hydrogels, to better mimic
the ECM structure (Nemir et al. 2010; Stowers et al. 2015). It
has been shown that activated microglia cells are more sensi-
tive to durotaxis than immature ones (Bollmann et al. 2015),
which opens the hypothesis that immune cells might respond
to ECM rigidity differently depending on their stage of matu-
ration. To investigate durotaxis in immune cell migration, dif-
ferent hydrogel compositions can be used (see previous sec-
tion for hydrogel fabrication) to tune stiffness and/or elasticity.
Topotaxis
Topotaxis is a term that has been used in scientific publica-
tions since the 1940s (Fraenkel and Gunn 1940), but it then
referred to stimulus guidance in general (Nossal 1980). It is
only since 2016 that topotaxis has been used to exclusively
refer to topographical gradients (Park et al. 2016). Here, Park
et al. used cancer cell lines where they migrated on top of
nanoposts positioned within diverse density gradients. This
2D experiment suggested that the topography of the cell en-
vironment has a physical role in directing cell migration. In
earlier studies, it had already been shown that cells follow
nanoscale microfabricated grooves in vitro (Clark et al.
1991; Wójciak-Stothard et al. 1996), but this was not called
topotaxis at the time. Later, topotaxis has also referred to pore-
size gradients in one dimension (i.e., channels; Table 1) and to
3D structures (e.g., pillar forests; Table 1). In the literature, the
movement from both sparse obstacles to dense obstacles and
vice versa has been shown to depend on the ratio between the
cell diameter and the space between the pillars. Cells usually
tend to migrate through areas where the pore size is compara-
ble to their diameter (Park et al. 2018; Wondergem et al.
2020). As soon as cells encounter obstacles (e.g., other cells,
matrix fibers; in vitro: pillar forests), they modify their migra-
tion patterns, which initiates topotaxis effects (Schakenraad
et al. 2020). In vitro, several constricting geometries have
been designed to mimic cell migration through small ECM
pores, generally either as a reduction in a channel section
(Thiam et al. 2016) or the movement between pillars
(Davidson et al. 2014).
In in vitro 1D channels, hydrodynamic forces can be
avoided in order to only study spontaneous cell migration
comparable with 3D migration. Studies with 1D channels
highlight the position and deformability of the nucleus as a
limiting factor for cell migration. When DCs are faced with
constrictions of ≤3 μm, nuclear deformation can induce the
rupture of the lamina envelope (Thiam et al. 2016). Compared
to DCs, the nuclei of neutrophils are more deformable (Rowat
et al. 2013), which allows these cells to squeeze through pores
of <1 μm. Also, for a long time, the effects of external phys-
ical cues on cell migration were not studied independently, but
mainly in combination with chemotaxis. Recently, it was
shown for NK cells that their behavior is modified by topo-
graphic effects when following either parallel or perpendicular
grooves (Xu and Pang 2019).
Two-dimensional topography has been shown to guide ep-
ithelial cells during wound healing (Marmaras et al. 2012). In
the context of immune cells, the impact of the 2D topography
on their migration still remains elusive. Apart from 2D condi-
tions, immune cells also often face confined environments,
which can be mimicked by either adding a roof or a pillar
forest to the glass slide on which the cells are plated (Liu
et al. 2015). Pillar forests have been developed to study po-
rosity effects on cell migration. These consist of PDMS-based
micropillars organized in an array. The pillars touch both the
bottom surface and the roof of the set-up (Renkawitz et al.
2018). Depending on the density of the pillars, such a set-up
can be used to investigate cell migration through a porous
matrix, and to determine the effects of pore size and the pres-
ence of obstacles on cell migration (Wondergem et al. 2020).
Pillars might represent topographic stimuli that help the direct-
ed migration of immune cells, or might act as obstacles that
modify the random migration of the cells (Gorelashvili et al.
2014).
Barotaxis
Barotaxis refers to migration directions according to pressure
gradients. Under physiological conditions, cells often have to
choose between different paths (e.g., neutrophils circulation in
capillaries (Wang et al. 2020)). Themechanisms that lead cells
to take a particular path are not yet fully understood, and
barotaxis is being explored as one of these. As hydraulic re-
sistance generates small forces, only amoeboid cells are sen-
sitive to barotaxis, while mesenchymal cells generate high
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adhesion forces and use proteolysis to migrate. For immature
DCs, macropinocytosis limits their sensitivity to barotaxis
while exploring any space (Chabaud et al. 2015). During
macropinocytosis, the cells take up medium at their front
end, which is enough to inhibit the pressure forces. After mat-
uration, DCs lose their ability for macropinocytosis, and in-
stead they polarize and follow hydraulic forces toward the
lymph nodes (Moreau et al. 2019). Recently, neutrophils mi-
grating in asymmetric channels were shown to choose the path
of least resistance (Prentice-Mott et al. 2013).
Several parameters are suggested to have a role in
barotaxis, including cell organization and polarization. In par-
ticular, evidence shows that a nucleus-first position
( R e n k aw i t z e t a l . 2 0 1 9 ) a n d m i c r o t u b u l e s
(Ambravaneswaran et al. 2010) act as sensors to facilitate fast
migration along the path of least resistance. Moreover, the
TRPM7 cation channel has also been demonstrated to be a
critical mechanosensor in cell decision-making (Zhao et al.
2019).
Chemotaxis
From all external guidance, chemotaxis has been the most
intensively studied migration mode of immune cells, since
around 1960. Chemotaxis is a general principle that defines
a gradient of chemical signals (chemokines, growth factors,
substrates or pheromones) and it can be observed in vitro and
in vivo (Weber and Sixt 2013). These act as chemoattractants
to guide cell migration toward the region with a higher con-
centration. When the chemical molecules are immobilized on
the top of the substrate, the process is called haptotaxis.
Different cell types have specific sensitivities to different
chemokines, which depend on their functions and their mem-
brane receptors. This is essential for an efficient search, and to
be able to attract the right cells at the right time to the right
target. The formation of pseudopodia and the polarization of
the cells are the two main responses of cells to chemokines
(Van Haastert and Devreotes 2004). Immune cells use both
haptotaxis and chemotaxis while patrolling the body, in order
to collect information (Schwarz et al. 2017).
Microfluidics is a convenient tool to study chemotaxis in
1D (Prentice-Mott et al. 2016), 2D, or 3D structures. In narrow
channels, cells touch all of the walls and block the fluid flow,
which allows investigations into the specific impact of drugs
or chemicals on one particular side of a cell. Asymmetrical
chemical stimulation mimics the chemotaxis in tissues. When
the cells sense a chemotactic gradient, they polarize in order to
follow it.
The chemosensitivity of cells can be modified by other
chemical compounds. It has been shown, for example, that
neutrophils lose their sensitivity to N-formyl-L-methionyl-L-
leucyl-L-phenylalanine when PI3 kinase is inhibited (which is
known to inhibit chemosensitivity in cells). However, it has
been demonstrated that this is only true in channels if the PI3K
inhibitor is perfused at the front side of the cell, and not at the
rear side (Irimia et al. 2007). That suggests that the polarity of
the cell and the way it is exposed to different molecules can
regulate its chemosensitivity, and thus its migration. Recently,
3D chemotaxis has been studied using microfluidic devices
that provide liquid areas with different chemokine concentra-
tions around a solid collagen area. Cells embedded in the
collagen can then be exposed to stable chemical gradients in
three dimensions (Aizel et al. 2017).
In pillar forests, chemotaxis and topotaxis can be studied
together, to understand their respective influences on cell
guidance. Cells usually migrate toward a chemoattractant
and sparse organizations (Wondergem et al. 2020). It has been
shown that if chemical and density gradients are opposing
(i.e., higher chemical concentration on the same side as denser
pillar organization), then they compete. For example,
D. discoideum will still migrate toward the chemoattractant,
but with a probability to transit toward dense pillars much
lower than for the use of aligned gradients (Wondergem
et al. 2020). Overall, the cell organization and the response
to physical and chemical external stimulation are likely to be
the main parameters for all cells to explore their environment
in an efficient manner, depending on their functions.
Complexity of the ECM: search strategies in a multi-factor
environment
In vivo, cells migrate in complex structures such as the ECM,
where all biomechanical, biophysical, and biochemical cues
compete and enable cells to carry out their functions; e.g., for
immune cells to find a target in an optimal time. Although
correct immune cell migration is a prerequisite for an efficient
immune response, different search strategies guided by all of
the different cues indicated above are used to enable the cells
to be in the right place at the right time. Many factors are
involved in search strategies, including velocity, persistence,
turning angle, and mean first passage time (see Box 1 for
definitions). Microfabrication is a powerful process for the
creation of new geometries and shapes to investigate obstruc-
tive systems during cell searching (i.e., “search problem-
atics”). Pillar forests represent one example of structures that
are well adapted to this purpose. Different questions can be
asked depending on the size of the pillars, their geometrical
organization, the height of the device, and the interpillar
space. Pillar forests combine the advantages of 2D and 3D
structures. First, the visualization of cell trajectories over sev-
eral hours is easier compared to 3D migration. Secondly, the
cell environment is dense and porous, as the cells can encoun-
ter many obstacles, which allow immune cells to migrate in an
integrin-independent manner. Nevertheless, to date, there
have been few studies that have described immune cell migra-
tion for diverse pillar organizations. The efficiency of cells
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during search problematics was initially based on in vivo ob-
servations, and then characterized via simulations. We present
here an overview of the different search strategies used by
immune cells that have been investigated with the help of
microfabricated tools.
Emerging evidence shows that cells use different search
strategies according to their environment and their functions.
It has been reported that immune cells use different types of
random and intermittent search patterns (Bénichou et al.
2011). For example, T cells show a random walk (Preston
et al. 2006) in vitro but follow a (nonBrownian) Lévy walk
in vivo (Krummel et al. 2016), neutrophils are more prone to
persistent motion (Jones et al. 2015), while DCs migrate
in vitro in an intermittent random walk (Chabaud et al.
2015; de Winde et al. 2020; Worbs et al. 2017). A random
walk (i.e., Brownian walk) results in an unpredictable path
followed by the cells (Cahalan and Parker 2008; Miller et al.
2002). It has been shown in vivo that DCs adopt a slow ran-
dom walk in the lymph node with extensive shape change.
The fast modification of DCs shape combined with the fast
and persistent migration of T cells enables a high number of
DC/T cell interactions. It has been estimated that one DC
encounters at least 500 different T cells in 1 h (Bousso and
Robey 2003). The Lévy and intermittent walks are combina-
tions of an alternation of fast persistent runs and slow, erratic
pauses. The main difference between a Lévy walk and an
intermittent random walk is the increased possibility of the
cell finding a target during the fast motion of the Lévy walk
(Moreau et al. 2018). Simulations have demonstrated that cell
migration is much more complex and cannot be defined by
any single one of these definitions, as it is a combination of all
of them (Fricke et al. 2016; Wu et al. 2014). Notably, number
of pathogens, number of immune cells, migration speeds, per-
sistence, area to be examined, and time required to find a
target all have roles in the efficiency of searching for targets.
However, open questions still remain; for example: What is
the optimal number of searching immune cells to find a de-
fined number of targets (e.g., pathogens, cancer cells) for the
most efficient immune response?
Conclusions and perspectives
Immune cells are patrolling tissues and vessels to defend our
body against pathogens. Failing this task might lead to disease
or illness. Therefore, immune cells have to fulfill many roles:
(1) they have to find the pathogens, (2) treat the information,
(3) transport and convey the information to other cells, (4)
these cells then react to this information. In order to fully
understand immune cell behavior, in particular immune cell
migration, we need to have excellent possibilities to observe
and to test parameters of immune cell migration. In this re-
view, we provide a comprehensive summary of
microfabricationmethods available to investigate immune cell
migration. As migration is one of the decisive factors for
proper execution of immune cell functions, which is signifi-
cantly shaped by the environment, here we put a special focus
on the context of the challenges (1D, 2D and 3D) imposed to
cells migrating in vivo and the respective external regulatory
factors (e.g., topography, stiffness, pressure, and
chemoattractant). To investigate cell migration in a defined
and tuneable way, recently emerging microfabrication has
been proven to be powerful tools. Here we summarized the
relevant techniques used to investigate cell migration (e.g.,
photolithography, electron-beam/two-photon lithography, hy-
drogel fabrication, electrospinning, 3D printing, and replica
molding for microfabrication). In addition, we elaborated
how the methods can be used to mimic particular aspects of
those challenges. So far, we described techniques to test single
challenge in static conditions. In living organisms, however,
the environment is dynamic and constantly changing. It will
be the future of in vitro investigation of immune cell migration
to add this dynamic component into artificial environments,
e.g., being able to alter the stiffness or geometry of the sub-
strate as well as the chemical available cues while carrying out
experiments. Also, several parameters can be combined to
study the prevalence of one challenge, e.g., are the cells more
sensitive to chemotaxis or topotaxis? In order to understand
more complex immune cell behavior, e.g., the search efficien-
cy, that is crucial in the future to develop dynamic experi-
ments in devices that are combining several chemical, me-
chanical and physical challenges. Optogenetic tools are prom-
ising candidates to achieve such goals.
Acknowledgements D. Vesperini, G. Montalvo, B. Qu, and F.
Lautenschläger would like to thank Saarland University and the DFG
(CRC 1027) for financial support. B. Qu and F. Lautenschläger addition-
ally would like to thank the Leibniz-Institute for NewMaterials for finan-
cial support.
Code availability Not applicable.
Author contribution D.V. and G.M. wrote the manuscript. B.Q. and F.L.
generated the ideas and revised the manuscript.
Funding Open Access funding enabled and organized by Projekt DEAL.
Data availability Not applicable.
Declarations
Conflict of interest The authors declare that they have no conflict of
interest.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source,
198 Biophys Rev (2021) 13:185–202
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated oth-
erwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.
References
Abdul Hamid AI, Nakusi L, Givskov M, Chang YT, Marques C,
Gueirard P (2020) A mouse ear skin model to study the dynamics
of innate immune responses against Staphylococcus aureus
biofilms. BMC Microbiol 20:22
Aizel K, Clark AG, Simon A, Geraldo S, Funfak A, Vargas P, Bibette J,
Vignjevic DM, Bremond N (2017) A tuneable microfluidic system
for long duration chemotaxis experiments in a 3D collagen matrix.
Lab Chip. 17:3851–3861
Altissimo M (2010) E-beam lithography for micro−/nanofabrication.
Biomicrofluidics 4:026503
Ambravaneswaran V, Wong IY, Aranyosi AJ, Toner M, Irimia D (2010)
Directional decisions during neutrophil chemotaxis inside bifurcat-
ing channels. Integ Biol 2:639–647
Bajénoff M, Glaichenhaus N, Germain RN (2008) Fibroblastic reticular
cells guide T lymphocyte entry into andmigration within the splenic
T cell zone. J Immunol 181:3947–3954
Barros-Becker F, Lam PY, Fisher R, Huttenlocher A (2017) Live imaging
reveals distinct modes of neutrophil and macrophage migration
within interstitial tissues. J Cell Sci 130:3801–3808
Barry M, Bleackley RC (2002) Cytotoxic T lymphocytes: all roads lead
to death. Nat Rev. Immunol 2:401–409
Bénichou O, Loverdo C, Moreau M, Voituriez R (2006) Two-
dimensional intermittent search processes: an alternative to Levy
flight strategies. Phys Rev E 74:020102
Bénichou O, Loverdo C, Moreau M, Voituriez R (2011) Intermittent
search strategies. Rev Mod Phys 83:81–129
Bishop ES, Mostafa S, Pakvasa M, Luu HH, Lee MJ, Wolf JM, Ameer
GA, He T-C, Reid RR (2017) 3D bioprinting technologies in tissue
engineering and regenerative medicine: current and future trends.
Genes Dis. 4:185–195
Blanchoin L, Boujemaa-Paterski R, Sykes C, Plastino J (2014) Actin
dynamics, architecture, and mechanics in cell motility. Physiol
Rev 94:235–263
Bollmann, L., D. Koser, R. Shahapure, H. Gautier, G. Holzapfel, G.
Scarcelli, M. Gather, E. Ulbricht, and K. Franze. 2015. Microglia
mechanics: immune activation alters traction forces and durotaxis.
Front Cell Neurosci 9
Bousso P, Robey E (2003) Dynamics of CD8+ T cell priming by den-
dritic cells in intact lymph nodes. Nat Immunol 4:579–585
Bückmann T, Stenger N, Kadic M, Kaschke J, Frölich A, Kennerknecht
T, Eberl C, Thiel M, Wegener M (2012) Tailored 3D Mechanical
Metamaterials Made by Dip-in Direct-Laser-Writing Optical
Lithography. Adv Mater 24:2710–2714
Cahalan MD, Parker I (2008) Choreography of cell motility and interac-
tion dynamics imaged by two-photon microscopy in lymphoid or-
gans. Annu Rev Immunol 26:585–626
Capuana L, Bostrom A, Etienne-Manneville S (2020) Multicellular scale
front-to-rear polarity in collective migration. Curr Opin Cell Biol.
62:114–122
Castellino F, Huang AY, Altan-Bonnet G, Stoll S, Scheinecker C,
Germain RN (2006) Chemokines enhance immunity by guiding
naive CD8+ T cells to sites of CD4+ T cell-dendritic cell interaction.
Nat 440:890–895
Chabaud M, Heuze ML, Bretou M, Vargas P, Maiuri P, Solanes P,
Maurin M, Terriac E, Le Berre M, Lankar D, Piolot T, Adelstein
RS, Zhang Y, Sixt M, Jacobelli J, Benichou O, Voituriez R, Piel M,
Lennon-Dumenil AM (2015) Cell migration and antigen capture are
antagonistic processes coupled by myosin II in dendritic cells. Nat
Commun 6:7526
Cheng SY, Heilman S, Wasserman M, Archer S, Shuler ML, Wu M
(2007) A hydrogel-based microfluidic device for the studies of di-
rected cell migration. Lab Chip. 7:763–769
Choi J, Yoo J, Lee M, Kim E-G, Lee JS, Lee S, Joo S, Song SH, Kim E-
C, Lee JC, Kim HC, Jung Y-G, Kwon S (2014) A rapid antimicro-
bial susceptibility test based on single-cell morphological analysis.
Sci Translat Med 6:267ra174–267ra174
Clark P, Connolly P, Curtis AS, Dow JA, Wilkinson CD (1991) Cell
guidance by ultrafine topography in vitro. J Cell Sci 99:73–77
Colosi C, Shin SR, Manoharan V, Massa S, Costantini M, Barbetta A,
Dokmeci MR, Dentini M, Khademhosseini A (2016) Microfluidic
bioprinting of heterogeneous 3D tissue constructs using low-
viscosity bioink. Adv Mater 28:677–684
Cotta-de-Almeida V, Dupre L, Savino W (2017) Editorial: T cell migra-
tion in health and disease. Front Immunol 8:132
Cougoule C, Van Goethem E, Le Cabec V, Lafouresse F, Dupré L,
Mehraj V, Mège JL, Lastrucci C, Maridonneau-Parini I (2012)
Blood leukocytes and macrophages of various phenotypes have dis-
tinct abilities to form podosomes and tomigrate in 3D environments.
Eur J Cell Biol 91:938–949
Cui H, Nowicki M, Fisher JP, Zhang LG (2017) 3D bioprinting for organ
regeneration. Adv Healthc Mater 6:1601118
Danielsson F, Peterson MK, Caldeira Araujo H, Lautenschläger F, Gad
AKB (2018) Vimentin diversity in health and disease. Cells 7:147
Davidson PM, Denais C, Bakshi MC, Lammerding J (2014) Nuclear
deformability constitutes a rate-limiting step during cell migration
in 3D environments. Cell Mol Bioengineer 7:293–306
deOliveira S, Rosowski EE, Huttenlocher A (2016) Neutrophil migration
in infection and wound repair: going forward in reverse. Nat Rev.
Immunol 16:378–391
de Winde CM, Munday C, Acton SE (2020) Molecular mechanisms of
dendritic cell migration in immunity and cancer. Med Microbiol
Immunol 209:515–529
Denais CM, Gilbert RM, Isermann P, McGregor AL, te Lindert M,
Weigelin B, Davidson PM, Friedl P, Wolf K, Lammerding J
(2016) Nuclear envelope rupture and repair during cancer cell mi-
gration. Sci 352:353–358
Devreotes P, Horwitz AR (2015) Signaling networks that regulate cell
migration. Cold Spring Harb Perspect Biol 7:a005959
Di Vito C, Mikulak J, Mavilio D (2019) On the way to become a natural
killer cell. Front Immunol 10:1812
DuChez BJ, Doyle AD, Dimitriadis EK, Yamada KM (2019) Durotaxis
by human cancer cells. Biophys J 116:670–683
Farsari M, Chichkov BN (2009) Two-photon fabrication. Nat Phot 3:
450–452
Feng J, Levine H, Mao X, Sander LM (2019) Cell motility, contact
guidance, and durotaxis. Soft Matter 15:4856–4864
Filippi M-D (2016) Mechanism of Diapedesis: Importance of the
Transcellular Route. Adv Immunol 129:25–53
Fraenkel GS, Gunn DL (1940) The orientation of animals. Kineses, taxes
and compass reactions. Clarendon Press, Oxford viii+352 pp. pp
Fricke GM, Letendre KA, Moses ME, Cannon JL (2016) Persistence and
adaptation in immunity: T cells balance the extent and thoroughness
of search. PLoS Comput Biol 12:e1004818
Friedl P, Weigelin B (2008) Interstitial leukocyte migration and immune
function. Nat Immunol 9:960–969
Garcia KC (2019) Dual arms of adaptive immunity: division of labor and
collaboration between B and T cells. Cell 179:3–7
199Biophys Rev (2021) 13:185–202
Garcia-Arcos, J.M., R. Chabrier, M. Deygas, G. Nader, L. Barbier, P.J.
Saez, A. Mathur, P. Vargas, and M. Piel. 2019. Reconstitution of
cell migration at a glance. J Cell Sci 132
Germain RN, Robey EA, Cahalan MD (2012) A decade of imaging
cellular motility and interaction dynamics in the immune system.
Sci 336:1676–1681
Ghibaudo M, Di Meglio JM, Hersen P, Ladoux B (2011) Mechanics of
cell spreading within 3D-micropatterned environments. Lab Chip
11:805–812
Gorelashvili M, Emmert M, Hodeck KF, Heinrich D (2014) Amoeboid
migration mode adaption in quasi-3D spatial density gradients of
varying lattice geometry. New J Phys 16:075012
Goy CB, Chaile RE, Madrid RE (2019) Microfluidics and hydrogel: a
powerful combination. React Funct Polym 145:104314
Harland B, Walcott S, Sun SX (2011) Adhesion dynamics and durotaxis
in migrating cells. Phys Biol 8:015011
Hartman CD, Isenberg BC, Chua SG, Wong JY (2017) Extracellular
matrix type modulates cell migration on mechanical gradients. Exp
Cell Res 359:361–366
Hawkins RJ, Piel M, Faure-Andre G, Lennon-Dumenil AM, Joanny JF,
Prost J, Voituriez R (2009) Pushing off the walls: a mechanism of
cell motility in confinement. Phys Rev Lett 102:058103
He Y, Yang F, Zhao H, Gao Q, Xia B, Fu J (2016) Research on the
printability of hydrogels in 3D bioprinting. Sci Rep 6:29977
Henderson AR, Choi H, Lee E (2020) Blood and lymphatic vasculatures
on-chip platforms and their applications for organ-specific in vitro
modeling. Micromach (Basel) 11:147
Heuzé ML, Collin O, Terriac E, Lennon-Dumenil AM, Piel M (2011)
Cell migration in confinement: a micro-channel-based assay.
Methods Mol Biol 769:415–434
HoCMB,Ng SH, Li KHH, YoonY-J (2015) 3D printedmicrofluidics for
biological applications. Lab Chip 15:3627–3637
Hohmann T, Dehghani F (2019) The cytoskeleton, a complex interacting
meshwork. Cells 8:362
Hong, J., M. Yeo, G.H. Yang, and G. Kim. 2019. Cell-Electrospinning
and Its Application for Tissue Engineering. Int J Mol Sci 20
HuangY, Tong L, Yi L, Zhang C,Hai L, Li T, Yu S,WangW, Tao Z,Ma
H, Liu P, Xie Y, Yang X (2018) Three-dimensional hydrogel is
suitable for targeted investigation of amoeboid migration of glioma
cells. Mol Med Rep 17:250–256
Huse M (2017) Mechanical forces in the immune system. Nat Rev.
Immunol 17:679–690
Irimia D, Charras G, Agrawal N, Mitchison T, Toner M (2007) Polar
stimulation and constrained cell migration in microfluidic channels.
Lab Chip 7:1783–1790
Jackson, D.G. 2019. Leucocyte trafficking via the lymphatic
vasculature— mechanisms and consequences. Front Immunol 10
Jacobelli J, Friedman RS, Conti MA, Lennon-Dumenil A-M, Piel M,
Sorensen CM, Adelstein RS, Krummel MF (2010) Confinement-
optimized three-dimensional T cell amoeboid motility is modulated
via myosin IIA-regulated adhesions. Nat Immunol 11:953–961
Jayadev R, Sherwood DR (2017) Basement membranes. Curr Biol 27:
R207–R211
Jin S, Park T-M, Kim C-H, Kim J-S, Le BD, HunJeong Y, Kwak J-Y,
Yoon S (2015) Three-dimensional migration of neutrophils through
an electrospun nanofibrous membrane. BioTech 58:285–292
Jones PJ, Sim A, Taylor HB, Bugeon L, Dallman MJ, Pereira B, Stumpf
MP, Liepe J (2015) Inference of random walk models to describe
leukocyte migration. Phys Biol 12:066001
Kameritsch P, Renkawitz J (2020) Principles of Leukocyte Migration
Strategies. Trends Cell Biol 30:818–832
Kirmse R, Otto H, Ludwig T (2011) Interdependency of cell adhesion,
force generation and extracellular proteolysis in matrix remodeling.
J Cell Sci 124:1857–1866
Kleinman, H.K., and K. Jacob. 2001. Invasion assays. Curr Protoc Cell
Biol. Chapter 12:Unit 12.12
Kolodziej CM, Maynard HD (2012) Electron-beam lithography for pat-
terning biomolecules at the micron and nanometer scale. Chem
Mater 24:774–780
Kopf A, Renkawitz J, Hauschild R, Girkontaite I, Tedford K, Merrin J,
Thorn-Seshold O, Trauner D, Häcker H, Fischer K-D, Kiermaier E,
Sixt M (2020) Microtubules control cellular shape and coherence in
amoeboid migrating cells. J Cell Biol 219:e201907154
Korpos É, Kadri N, Kappelhoff R, Wegner J, Overall CM, Weber E,
Holmberg D, Cardell S, Sorokin L (2013) The peri-islet basement
membrane, a barrier to infiltrating leukocytes in type 1 diabetes in
mouse and human. Diabetes 62:531–542
Krummel MF, Bartumeus F, Gerard A (2016) T cell migration, search
strategies and mechanisms. Nat Rev. Immunol 16:193–201
Kuboki T, Chen W, Kidoaki S (2014) Time-dependent migratory behav-
iors in the long-term studies of fibroblast durotaxis on a hydrogel
substrate fabricated with a soft band. Langmuir 30:6187–6196
Kumbar SG, James R, Nukavarapu SP, Laurencin CT (2008) Electrospun
nanofiber scaffolds: engineering soft tissues. Biomed Mater 3:
034002
Ladoux B, Mège RM (2017) Mechanobiology of collective cell behav-
iours. Nat Rev Mol Cell Biol 18:743–757
Lammerding J, Wolf K (2016) Nuclear envelope rupture: actin fibers are
putting the squeeze on the nucleus. J Cell Biol 215:5–8
Lämmermann T, Bader BL, Monkley SJ, Worbs T, Wedlich-Soldner R,
Hirsch K, Keller M, Forster R, Critchley DR, Fassler R, Sixt M
(2008) Rapid leukocyte migration by integrin-independent flowing
and squeezing. Nat 453:51–55
Lämmermann T, Germain RN (2014) The multiple faces of leukocyte
interstitial migration. Semin Immunopathol 36:227–251
Lange JR, Fabry B (2013) Cell and tissue mechanics in cell migration.
Exp Cell Res 319:2418–2423
Lautenschläger F, Piel M (2013)Microfabricated devices for cell biology:
all for one and one for all. Curr Opin Cell Biol 25:116–124
Lavenus SB, Tudor SM, Ullo MF, Vosatka KW, Logue JS (2020) A
flexible network of vimentin intermediate filaments promotes mi-
gration of amoeboid cancer cells through confined environments. J
Biol Chem 295:6700–6709
Le Berre M, Zlotek-Zlotkiewicz E, Bonazzi D, Lautenschläger F, Piel M
(2014) Methods for two-dimensional cell confinement. Methods
Cell Biol 121:213–229
Leclech, C., C.F. Natale, and A.I. Barakat. 2020. The basement mem-
brane as a structured surface - role in vascular health and disease. J
Cell Sci 133
Liu YJ, Le Berre M, Lautenschläger F, Maiuri P, Callan-Jones A, Heuze
M, Takaki T, Voituriez R, Piel M (2015) Confinement and low
adhesion induce fast amoeboid migration of slow mesenchymal
cells. Cell 160:659–672
Lo C-M, Wang H-B, Dembo M, Wang Y-l (2000) Cell movement is
guided by the rigidity of the substrate. Biophys J 79:144–152
Ma J, Wang Y, Liu J (2018) Bioprinting of 3D tissues/organs combined
with microfluidics. RSC Adv. 8:21712–21727
Marmaras A, Lendenmann T, Civenni G, Franco D, Poulikakos D,
Kurtcuoglu V, Ferrari A (2012) Topography-mediated apical guid-
ance in epidermal wound healing. Soft Matter 8:6922–6930
Marshall JS, Warrington R, Watson W, Kim HL (2018) An introduction
to immunology and immunopathology. Allergy Asthma Clin
Immunol 14:49
Mayor R, Etienne-Manneville S (2016) The front and rear of collective
cell migration. Nat Rev Mol Cell Biol 17:97–109
Miller MJ, Wei SH, Parker I, Cahalan MD (2002) Two-photon imaging
of lymphocyte motility and antigen response in intact lymph node.
Sci 296:1869–1873
Miri AK, Nieto D, Iglesias L, Goodarzi Hosseinabadi H, Maharjan S,
Ruiz-Esparza GU, Khoshakhlagh P, Manbachi A, Dokmeci MR,
Chen S, Shin SR, Zhang YS, Khademhosseini A (2018)
200 Biophys Rev (2021) 13:185–202
Microfluidics-enabled multimaterial maskless stereolithographic
bioprinting. Adv Mater 30:1800242
Moreau HD, Blanch-Mercader C, Attia R, Maurin M, Alraies Z, Sanséau
D, Malbec O, Delgado M-G, Bousso P, Joanny J-F, Voituriez R,
Piel M, Lennon-Duménil A-M (2019) Macropinocytosis overcomes
directional bias in dendritic cells due to hydraulic resistance and
facilitates space exploration. Dev Cell 49:171–188.e175
Moreau HD, Bousso P (2014) Visualizing how T cells collect activation
signals in vivo. Curr Opin Immunol 26:56–62
Moreau HD, Lemaitre F, Garrod KR, Garcia Z, Lennon-Dumenil AM,
Bousso P (2015) Signal strength regulates antigen-mediated T-cell
deceleration by distinct mechanisms to promote local exploration or
arrest. Proc Natl Acad Sci U S A 112:12151–12156
Moreau HD, Piel M, Voituriez R, Lennon-Duménil A-M (2018)
Integrating physical and molecular insights on immune cell migra-
tion. Trend Immunol 39:632–643
Murooka, T.T., and T.R. Mempel. 2012. Multiphoton intravital micros-
copy to study lymphocyte motility in lymph nodes. In Integrin and
Cell Adhesion Molecules: Methods and Protocols. M. Shimaoka,
editor. Humana Press, Totowa, NJ. 247–257
Murphy SV, Atala A (2014) 3D bioprinting of tissues and organs. Nat
Biotechnol 32:773–785
Nemir S, Hayenga HN, West JL (2010) PEGDA hydrogels with pat-
terned elasticity: novel tools for the study of cell response to sub-
strate rigidity. Biotechnol Bioeng 105:636–644
Ng,W.L., andW.Y. Yeong. 2019. The future of skin toxicology testing –
3D bioprinting meets microfluidics. Int J Bioprint 5
Niesler F, Hermatschweiler M (2015) Two-photon polymerization — a
versatile microfabrication tool. Laser Technik J 12:44–47
Nortley, R., N. Korte, P. Izquierdo, C. Hirunpattarasilp, A. Mishra, Z.
Jaunmuktane, V. Kyrargyri, T. Pfeiffer, L. Khennouf, C. Madry, H.
Gong, A. Richard-Loendt, W. Huang, T. Saito, T.C. Saido, S.
Brandner, H. Sethi, and D. Attwell. 2019. Amyloid ß oligomers
constrict human capillaries in Alzheimer's disease via signaling to
pericytes. Sci 365
Nossal R (1980) Mathematical theories of topotaxis. In: Jäger W, Rost H,
Tautu P (eds) Biological Growth and Spread. Springer, Berlin, pp
410–439
Nourshargh S, Alon R (2014) Leukocyte migration into inflamed tissues.
Immun 41:694–707
Nuhn JAM, Perez AM, Schneider IC (2018) Contact guidance diversity
in rotationally aligned collagen matrices. Acta Biomater 66:248–
257
Orsi G, Fagnano M, De Maria C, Montemurro F, Vozzi G (2017) A new
3D concentration gradient maker and its application in building
hydrogels with a 3D stiffness gradient. J Tissue Eng Regen Med
11:256–264
Park J, Kim D-H, Kim H-N, Wang CJ, Kwak MK, Hur E, Suh K-Y, An
SS, Levchenko A (2016) Directed migration of cancer cells guided
by the graded texture of the underlying matrix. Nat Mater 15:792–
801
Park J, Kim DH, Levchenko A (2018) Topotaxis: a new mechanism of
directed cell migration in topographic ECM gradients. Biophys J
114:1257–1263
Patteson AE, Pogoda K, Byfield FJ, Mandal K, Ostrowska-
Podhorodecka Z, Charrier EE, Galie PA, Deptuła P, Bucki R,
McCulloch CA, Janmey PA (2019) Loss of vimentin enhances cell
motility through small confining spaces. Small 15:1903180
Patteson AE, Vahabikashi A, Pogoda K, Adam SA, Mandal K,
Kittisopikul M, Sivagurunathan S, Goldman A, Goldman RD,
Janmey PA (2019) Vimentin protects cells against nuclear rupture
and DNA damage during migration. J Cell Biol 218:4079–4092
Petrie RJ, Doyle AD, Yamada KM (2009) Random versus directionally
persistent cell migration. Nat Rev Mol Cell Biol 10:538–549
Plotnikov SV, Pasapera AM, Sabass B, Waterman CM (2012) Force
fluctuations within focal adhesions mediate ECM-rigidity sensing
to guide directed cell migration. Cell 151:1513–1527
Prentice-Mott HV, Chang C-H, Mahadevan L, Mitchison TJ, Irimia D,
Shah JV (2013) Biasedmigration of confined neutrophil-like cells in
asymmetric hydraulic environments. Proc Natl Acad Sci U S A 110:
21006–21011
Prentice-Mott HV, Meroz Y, Carlson A, Levine MA, Davidson MW,
Irimia D, Charras GT, Mahadevan L, Shah JV (2016) Directional
memory arises from long-lived cytoskeletal asymmetries in polar-
ized chemotactic cells. Proc Natl Acad Sci U S A 113:1267–1272
Preston SP, Waters SL, Jensen OE, Heaton PR, Pritchard DI (2006) T-
cell motility in the early stages of the immune response modeled as a
random walk amongst targets. Phys Rev E Stat Nonlin Soft Matter
Phys 74:011910
Prunet, A., S. Lefort, H. Delanoë-Ayari, B. Laperrousaz, G. Simon, C.
Barentin, S. Saci, F. Argoul, B. Guyot, J.P. Rieu, S. Gobert, V.
Maguer-Satta, and C. Rivière. 2020. A new agarose-based
microsystem to investigate cell response to prolonged confinement.
Lab Chip
Qin D, Xia Y, Whitesides GM (2010) Soft lithography for micro- and
nanoscale patterning. Nat Protoc 5:491–502
Raab M, Gentili M, de Belly H, Thiam H-R, Vargas P, Jimenez AJ,
Lautenschläger F, Voituriez R, Lennon-Duménil A-M, Manel N,
Piel M (2016) ESCRT III repairs nuclear envelope ruptures during
cell migration to limit DNA damage and cell death. Sci 352:359–
362
Renkawitz J, Kopf A, Stopp J, de Vries I, Driscoll MK, Merrin J,
Hauschild R, Welf ES, Danuser G, Fiolka R, Sixt M (2019)
Nuclear positioning facilitates amoeboid migration along the path
of least resistance. Nat 568:546–550
Renkawitz, J., A. Reversat, A. Leithner, J. Merrin, and M. Sixt. 2018.
Chapter 5 - Micro-engineered “pillar forests” to study cell migration
in complex but controlled 3D environments. In Methods in cell
biology. Vol. 147. M. Piel, D. Fletcher, and J. Doh, editors.
Academic Press. 79–91
Renkawitz J, SchumannK,WeberM, Lammermann T, Pflicke H, PielM,
Polleux J, Spatz JP, Sixt M (2009) Adaptive force transmission in
amoeboid cell migration. Nat Cell Biol 11:1438–1443
Ridley AJ, Schwartz MA, Burridge K, Firtel RA, Ginsberg MH, Borisy
G, Parsons JT, Horwitz AR (2003) Cell migration: integrating sig-
nals from front to back. Sci 302:1704–1709
Rosowski EE (2020) Determining macrophage versus neutrophil contri-
butions to innate immunity using larval zebrafish. Dis Models
Mechan 13:dmm041889
Rowat AC, Jaalouk DE, Zwerger M, Ung WL, Eydelnant IA, Olins DE,
Olins AL, Herrmann H, Weitz DA, Lammerding J (2013) Nuclear
envelope composition determines the ability of neutrophil-type cells
to passage through micron-scale constrictions. J Biol Chem 288:
8610–8618
Sadjadi Z, Zhao R, Hoth M, Qu B, Rieger H (2020) Migration of
Cytotoxic T Lymphocytes in 3D Collagen Matrices. Biophys J
119:2141–2152
Schakenraad K, Ravazzano L, Sarkar N, Wondergem JAJ, Merks RMH,
Giomi L (2020) Topotaxis of active Brownian particles. Phys Rev E
101:032602
Schoppmeyer R, Zhao R, Cheng H, Hamed M, Liu C, Zhou X, Schwarz
EC, Zhou Y, Knorck A, Schwar G, Ji S, Liu L, Long J, Helms V,
HothM, YuX,QuB (2017) Human profilin 1 is a negative regulator
of CTL mediated cell-killing and migration. Eur J Immunol 47:
1562–1572
Schwarz J, BierbaumV, Vaahtomeri K, Hauschild R, BrownM, de Vries
I, Leithner A, Reversat A,Merrin J, Tarrant T, Bollenbach T, Sixt M
(2017) Dendritic cells interpret haptotactic chemokine gradients in a
manner governed by signal-to-noise ratio and dependent on GRK6.
Curr Biol : CB 27:1314–1325
201Biophys Rev (2021) 13:185–202
Shin Y, Jeon JS, Han S, Jung G-S, Shin S, Lee S-H, Sudo R, Kamm RD,
Chung S (2011) In vitro 3D collective sprouting angiogenesis under
orchestrated ANG-1 and VEGF gradients. Lab Chip 11:2175–2181
Sobreiro-Almeida R, Fonseca DR, Neves NM (2019) Extracellular ma-
trix electrospun membranes for mimicking natural renal filtration
barriers. Mat Sci Eng : C. 103:109866
Spatarelu C-P, Zhang H, Nguyen DT, Han X, Liu R, Guo Q, Notbohm J,
Fan J, Liu L, Chen Z (2019) Biomechanics of collective cell migra-
tion in cancer progression: experimental and computational
methods. ACS Biomater Sci Eng 5:3766–3787
Stowers RS, Allen SC, Suggs LJ (2015) Dynamic phototuning of 3D
hydrogel stiffness. Proc Natl Acad Sci U S A 112:1953–1958
Thiam HR, Vargas P, Carpi N, Crespo CL, RaabM, Terriac E, KingMC,
Jacobelli J, Alberts AS, Stradal T, Lennon-Dumenil AM, Piel M
(2016) Perinuclear Arp2/3-driven actin polymerization enables nu-
clear deformation to facilitate cell migration through complex envi-
ronments. Nat Commun 7:10997
Trepat X, Fredberg JJ (2011) Plithotaxis and emergent dynamics in col-
lective cellular migration. Trends Cell Biol 21:638–646
Tse JR, Engler AJ (2011) Stiffness gradients mimicking in vivo tissue
variation regulate mesenchymal stem cell fate. PLoS One 6:e15978
Tseng AA, Kuan C, Chen CD, Ma KJ (2003) Electron beam lithography
in nanoscale fabrication: recent development. IEEE Trans Electr
Packag Manufact 26:141–149
Van Haastert PJM, Devreotes PN (2004) Chemotaxis: signalling the way
forward. Nat Rev Mol Cell Biol 5:626–634
Vieu C, Carcenac F, Pépin A, Chen Y, Mejias M, Lebib A, Manin-
Ferlazzo L, Couraud L, Launois H (2000) Electron beam lithogra-
phy: resolution limits and applications. Appl Surf Sci 164:111–117
Vincent LG, Choi YS, Alonso-Latorre B, del Álamo JC, Engler AJ
(2013) Mesenchymal stem cell durotaxis depends on substrate stiff-
ness gradient strength. Biotechnol J 8:472–484
Voisin MB, Woodfin A, Nourshargh S (2009) Monocytes and neutro-
phils exhibit both distinct and common mechanisms in penetrating
the vascular basement membrane in vivo. Arterioscler Thromb Vasc
Biol 29:1193–1199
Wang X, Hossain M, Bogoslowski A, Kubes P, Irimia D (2020)
Chemotaxing neutrophils enter alternate branches at capillary bifur-
cations. Nat Commun 11:2385
Weber M, Sixt M (2013) Live cell imaging of chemotactic dendritic cell
migration in explanted mouse ear preparations. In: Cardona AE,
Ubogu EE (eds) Chemokines: Methods and Protocols. Humana
Press, Totowa, NJ, pp 215–226
Weigert R, Sramkova M, Parente L, Amornphimoltham P, Masedunskas
A (2010) Intravital microscopy: a novel tool to study cell biology in
living animals. Histochem Cell Biol 133:481–491
Whitesides GM, Ostuni E, Takayama S, Jiang X, Ingber DE (2001) Soft
lithography in biology and biochemistry. Ann Rev Biomed Eng 3:
335–373
Wójciak-Stothard B, Curtis A, Monaghan W, MacDonald K, Wilkinson
C (1996) Guidance and activation of murine macrophages by
nanometric scale topography. Exp Cell Res 223:426–435
Wondergem JA, Witzel P, Mytiliniou M, Holcman D, Heinrich D (2020)
Topographical guidance of highly motile amoeboid cell migration.
Biophys J 118:606a
Worbs T, Hammerschmidt SI, Förster R (2017) Dendritic cell migration
in health and disease. Nat Rev. Immunol 17:30–48
Wu PH, Giri A, Sun SX, Wirtz D (2014) Three-dimensional cell migra-
tion does not follow a random walk. Proc Natl Acad Sci U S A 111:
3949–3954
Xu Y, Pang SW (2019) Natural killer cell migration control in
microchannels by perturbations and topography. Lab Chip 19:
2466–2475
Yamada KM, Sixt M (2019) Mechanisms of 3D cell migration. Nat Rev
Mol Cell Biol 20:738–752
Zhang X, Li L, Luo C (2016) Gel integration for microfluidic applica-
tions. Lab Chip 16:1757–1776
Zhao R, Afthinos A, Zhu T, Mistriotis P, Li Y, Serra SA, Zhang Y,
Yankaskas CL, He S, Valverde MA, Sun SX, Konstantopoulos K
(2019) Cell sensing and decision-making in confinement: the role of
TRPM7 in a tug of war between hydraulic pressure and cross-
sectional area. Sci Adv 5:eaaw7243
Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
202 Biophys Rev (2021) 13:185–202
